A high-efficiency planarization technique for preprocessing before final polishing is needed for hard-to-machine wide-band-gap semiconductors, such as silicon carbide (SiC), gallium nitride, and diamond. We proposed a novel planarization method that combines chemical mechanical polishing (CMP) and atmospheric-pressure plasma etching (plasma chemical vaporization machining [P-CVM]) and developed a prototype of the basic type CMP/P-CVM combined processing system. This prototype has a mechanical polishing part for introducing a damaged layer on the convex part of the sample surface and a P-CVM part for efficient etching of the damaged layer. Process conditions for plasma generation were determined in order to minimize the optical emission intensity ratio of nitrogen to helium because nitrogen comes from circumstance air and should not exist in the plasma region. Process conditions for mechanical polishing were determined in order to efficiently generate a damaged layer only on the convex part of the sample surface. The combined process was performed using a SiC substrate on which the mesa structure was fabricated as a sample. As a result, we found that the convex parts of the mesa structure were preferentially removed and the surface of the sample was planarized. We also found that the decreasing rate of the peak-to-valley value of the mesa structure obtained by CMP/P-CVM combined processing was approximately seven times greater than that during mechanical polishing.
Introduction
Wide-band-gap semiconductors, such as silicon carbide (SiC), gallium nitride (GaN), and diamond, have favorable properties, including high thermal conductivity, high breakdown electric field strength, and high thermal stability and provide suitable substrates for high-temperature and high-power applications. When power transistors are fabricated on such substrates, they can be operated with lower power loss compared with conventional silicon power transistors because of a higher breakdown in the electric field (Kimoto, 2015) . However, because of their hardness and chemical stability, there are few efficient machining methods, and this results in an increasing wafering cost. Although there are some reports concerning final polishing techniques and an atomically flat surface was reported (Kato et al., 2007; Xu et al., 2003) , there are few reports on a high-efficiency planarization technique for preprocessing before final polishing.
Plasma chemical vaporization machining (P-CVM) is a plasma etching technique that uses atmospheric-pressure plasma (Mori et al., 1993 (Mori et al., , 2000 . In an atmospheric-pressure plasma, a high processing rate is expected because of the high density of radicals. A damage-free processed surface can also be obtained because of the very low amount of ion energy in the plasma due to the short mean free path of gas molecules (about 0.1 µm). Using P-CVM, a high removal rate of more than 1 µm/min has been observed even for SiC (Sano et al., 2009 ) and GaN substrates (Nakahama et al., 2008) . However, the P-CVM etching is isotropic, and there are no means to planarize the surface. Figure 1 shows a planarization model of P-CVM. Although sharp asperity is dulled by the chemical etching process, the process takes a long time and needs substantial removal for planarization because both the concave and convex parts of the work piece are removed. High-efficiency planarization could be achieved if the topmost site of the surface could be removed preferentially by P-CVM.
Thus, we propose a chemical mechanical polishing (CMP)/P-CVM combined processing method , as shown in Fig. 2 . This method consists of two parts: mechanical polishing, where the convex part of the work surface is converted to the damaged layer; and P-CVM, where the damaged convex area is efficiently removed. The P-CVM removal rate was confirmed to be increased on damaged layers of both SiC and GaN (Sano et al., , 2015 , which is an essential phenomenon for the method. We developed the basic type CMP/P-CVM combined processing system (Type A) and demonstrated the principle of the method . However, planarization data has not been presented yet. In this report, we describe the basic planarization characteristics of the method with brief introductions of the processing system and the process conditions. Concept of CMP/P-CVM combined processing, which is the combination of mechanical polishing to introduce a damaged layer on the topmost site of a surface and atmospheric-pressure plasma etching to preferentially remove the damaged layer.
Basic type CMP/P-CVM combined processing system
We developed a prototype of the basic type CMP/P-CVM combined processing system; it includes a mechanical polishing part and a P-CVM part (Fig. 3) , and a sample holder can move between these two parts. A sample is placed on the undersurface of the rotating sample holder and pushed onto the rotating polishing plate in the mechanical polishing part. A certain gap distance is maintained from the electrode to apply RF voltage for plasma generation in the P-CVM part. There is no device for work-surface cleaning between the mechanical polishing part and the P-CVM part. The main part exists in a ventilated enclosure to prevent active species generated in the plasma from diffusing outside. med using the eated 320 time ex parts of the increasing nu . 9, and Fig. 1 times. The P ss than 0.5 μm ons because o we increased t V value betwee n in Fig. 5(c) Relationship between the peak-to-valley value of the surface profile and repetition times. Fig. 11 Comparison of the decreasing rate of the PV value of the mesa structure using P-CVM, CMP (mechanical polishing), and the CMP/P-CVM combined process. 
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